We demonstrate an approach to measure temporal correlations of photons in the near infrared range using frequency up-conversion. In this approach, the near infrared signal photons are converted into the visible range, in which highly efficient silicon avalanche photodiodes are used to perform the temporal correlation measurements. A coherent light source and a pseudo-thermal light source were used in the experiment. The results are in agreement with theoretical values and those obtained from measurements directly made using superconducting nanowire single photon detectors. We conclude that the temporal correlation (up to 4th order) of photons was preserved in the frequency up-conversion process. We further theoretically and experimentally studied the influence of the dark counts on the measurement. The setup uses commercially available components and achieves high total detection efficiency (~26%).
Introduction
Temporal correlation measurements of photons are now widely used to study a variety of photon sources and their physical characteristics. In 1956, Hanbury-Brown and Twiss (HBT) first measured the photon bunching effect of thermal light in the second-order temporal correlation, (2) () g  [1] . Since then, second-order temporal correlation measurements using an HBT interferometer have been extensively adopted to study photon statistics of a variety of light sources [2] . Recently, higher order, e.g. third-and fourth-order ( g    ) temporal correlations have drawn more attention, since they can reveal more information about the temporal behavior of light sources and interaction media. Highorder measurements are potentially useful in many research areas, including quantum imaging [3, 4] , light scattering [5, 6] , atomic and polaritonic condensates [7, 8] , microcavity lasers [9, 10] and molecular aggregates [11] . The second-, third-, and fourth-order temporal correlations can be defined in terms of the creation ( † a ) and annihilation (â ) operators as [2] ,( ) ( ) a t a t a t a t a t a t a t a t g a t a t
where < > indicates an average over time t and the τ i 's are time delays. High-order temporal correlation measurements need complex and high performance experimental configurations, especially in the near infrared (NIR) range (wavelengths between 1000 nm and 2000 nm) where there is a lack of commercially available high performance single photon detectors [12] . Therefore, high-order correlation measurements are usually implemented in the visible or near visible range by using silicon-based single photon detectors [3, 4] . Because the two major telecommunication wavelengths (1310 and 1550 nm) are in the NIR range, high order correlation measurements at this wavelength range are important. Recently, high order temporal correlation measurements for the NIR range were implemented by using four-element superconducting nanowire single-photon detectors (SNSPDs) [13] . However, the four-element SNSPDs used in that particular measurement had a very low detection efficiency of ~1% each. Despite recent improvements that have increased detection efficiencies above 50% [14] , SNSPDs still need to work at liquid helium temperatures and are not yet widely available commercially.
Frequency up-conversion single photon detectors have recently been specifically developed for photon detection [15-21] and spectral measurement [22, 23] in the NIR range. They use a nonlinear optical crystal, such as periodically poled lithium niobate (PPLN), to convert a photon in the NIR range to the visible or near visible range. The visible or near visible photons can then be detected using highly efficient, low noise and low cost silicon avalanche photodiodes (APDs).
To take advantage of the detection benefits of frequency up-conversion to the near-visible, we must confirm that the photon statistics of the source are preserved during the conversion process. A theoretical analysis of the frequency up-conversion process predicts that the quantum state should be preserved [24] and a following experiment demonstrated that nonclassical intensity correlation of twin beams is preserved after frequency conversion [25] . We recently observed that sub-Poisonnian photon statistics are preserved after up-conversion [26], but a direct comparison of the statistics to theory could not be performed due to the nonidealities of the single photon source used in that work. In this work, by using up-conversion, we convert photons in the NIR region into the visible region, and then measure the temporal correlation (up to the fourth order) of the up-converted photons using Si-APDs that have high detection efficiency in this range. A coherent light source and a pseudo-thermal light source are used here, allowing for direct comparison to theory [13, 27] . The goal of this experiment is to demonstrate that the temporal correlations of the up-converted photons are identical to those of the original photons, i.e., the original photon statistical characteristics are preserved in the up-conversion process. If the photon statistics are preserved through up-conversion, then one can use this approach to study the statistics of the original NIR photons. We also further theoretically and experimentally study the influence of the dark counts on the temporal correlation measurements. The setup uses commercially available components and the total detection efficiency is about 26%.
Experimental configuration
The experimental configuration for measuring temporal correlations of photons in the NIR range using frequency up-conversion is shown in Fig. 1 . Frequency up-conversion is based on a nonlinear optical process, known as sum frequency generation (SFG), that occurs in a 5 cmlong PPLN waveguide [28] . The signal photons near 1310 nm are converted in the waveguide to 710 nm using a pump beam. The pump beam is provided by a continuous-wave (CW) tunable seed laser around 1550 nm followed by an erbium-doped fiber amplifier (EDFA, IPG: EAR-0.5K-C). The tunable pump laser allows the measurement to be performed for a wider signal wavelength range. Two 1310 nm/1550 nm wavelength division multiplexer (WDM) couplers are used as filters to suppress light around 1310 nm in the pump at the output of the EDFA. The amplified pump is then combined with a single photon power level signal near 1310 nm in another WDM coupler. The combined signal and pump are then coupled into the PPLN waveguide. The output light of the PPLN waveguide, including the sum frequency generated photons at 710 nm, the excess pump at 1550 nm and its second harmonic generation at 775 nm, are separated by two dispersive prisms, and only photons at 710 nm are detected for temporal correlation measurements. Band-pass interference filters are used before the Si-APDs to block other noise. The PPLN waveguide used in this experiment is 5 cm, and its quasi-phase-matching bandwidth is about 0.25 nm for 1310 nm [23] . The EDFA output power is set to 250 mW resulting in approximately 100 mW of pump light arriving at the front of PPLN waveguide following a variety of losses between EDFA and PPLN waveguide. The highest conversion efficiency is achieved when this pump power enters the waveguide. When Si-APDs (PerkinElmer SPCM-AQR-14) are used to detect the up-converted photon, the total detection efficiency is 26%, which is determined by the internal conversion efficiency inside the PPLN waveguide (80%); the transmission loss (45%); and the detection efficiency of Si-APD at the up-converted wavelength (70%). This total detection efficiency is much higher than the SNSPDs used in [13] (~1%) and also is similar to the commercially available InGaAs APDs [12] in the NIR range. Furthermore, higher quality PPLN waveguides can implement nearly 100% internal conversion efficiency [17] and the transmission loss can be further reduced by improving the coupling loss between the fiber and waveguide. Higher total detection efficiency can be realized by these improvements in an up-conversion configuration [17] .
The influence of dark counts in single photon detectors is an important factor in measurements. Dark counts are defined as the counts when no signal photons are present. For an up-conversion single photon detector, the dark count rate is measured when pump light is present but the signal beam is blocked. The dark counts in this up-conversion experimental set-up originate from both the intrinsic dark counts of the Si-APD and from the counts caused by noise photons from the frequency conversion process inside the crystal. The intrinsic dark count rate of each Si-APD is very low (<100 counts/s in our experiments [29]), and is negligible in comparison to the counts caused by the noise photons due to the frequency conversion process. It is widely believed that the noise photons that arise in the frequency conversion process from the spontaneous Raman scattering (SRS) [15-20] and spontaneous parametric down conversion (SPDC) [30] generated in the waveguide by the strong pump. If these SRS photons or SPDC photons are generated at wavelengths within the signal band they can be up-converted to the detection wavelength, generating the dark counts. Because the wavelength of SPDC photons is longer than that of pump, there is no SPDC noise contribution when the pump wavelengths is longer than the signal wavelength, as in this experiment. In this case, the noise photons only occur from the anti-Stokes photons of SRS. The dark count rate in our set-up is measured to be approximately 3200 counts/s. The dark count rate is much less than that of InGaAs APDs (~10 5 Hz) [12] , but it is significantly higher than that of SNSPDs (~100 Hz) [13] . Therefore, the dark count rate has to be considered when weak signals are measured.
In the experiment, two types of photon sources are used, a coherent source and a pseudothermal source. The coherent source is a 1310 nm CW laser, operating well above threshold and attenuated to around 95 dBm using a variable optical attenuator (VOA). The pseudothermal source is similar to [13] , in which we use a rotating ground glass disk to scatter the 1310 nm CW laser light and then use a single mode fiber (SMF-28) to collect the scattered photons in the far field. To avoid significant influence of dark counts, the detected signal photon rate is set at 5 
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 counts/s for both the coherent light and the pseudo-thermal light, which is two orders of magnitude larger than the dark count level.
Three half-wave plates (HWP) and polarizing beam-splitters (PBS) for 710 nm are used to split the up-converted photons, as shown in Fig. 1 . Because the up-converted photons have a fixed polarization direction, the HWP and PBS combination can implement a desired split ratio, which functions as a beam splitter with tunable splitting ratio. By adjusting the HWPs, one can equally split the photons into 2, 3 or 4 beams and easily implement the second, third and fourth order temporal correlation measurements. Although second and third order temporal correlations can be obtained from a 4-split set-up, a 2 or 3 equally split set-up can do the more straightforward (2) 
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( , ) g  measurements by 2 or 3 detectors with the same detection efficiency. In addition, the main dark counts come from the noise photons from frequency up-conversion process before the splitting and the noise photons are likewise split at the same ratio as the signal up-converted photons, therefore the ratio of signal photons to noise photons are similar for all the higher orders of temporal correlation measurement.
After splitting, the photons are detected by four Si-APDs. A four-channel time-correlated single photon counting system (PicoQuant Hydroharp 400) records photon arrival times at each detector. These time-tag data are post-processed to compute multi-start and multi-stop correlation histograms between the two, three and four channels, to obtain the (2) 
Experimental results
The measured second-, third-, and fourth-order temporal correlation values are shown in Figs. 2, 3, and 4 (see Media 1), respectively. For coherent light, the measured data of (2) thermal source, the data shows that photons are bunched around the origin, with peak values of (2) (0) 2.001 0.035 g  , (3) (0, 0) 5.87 0.23 g   and (4) (0,0,0) 23.1 1.9 g  . The peak values are in good agreement with the theoretical value of 2! = 2, 3! = 6 and 4! = 24.
In the above experiments, the coherent source and pseudo-thermal source are near 1310 nm, while all results for (2) [13] . We therefore conclude that the photon statistics are well preserved in the up-conversion process. And therefore, frequency upconversion is proved to be an accurate and highly efficient measurement method for temporal correlation of photons in the NIR region, and all components for this approach are currently commercially available.
(a) (b) Fig. 2 . g (2) measurement results of (a) coherent light source and (b) pseudo-thermal source.
(a) (b) 
Discussion on the dark counts and their influence
Dark counts are an important factor for these temporal correlation measurements. When the signal count rate is comparable to the dark count rate, the measurement results will be significantly affected. Therefore, the influence of dark counts should be considered when the signal is weak.
To study the influence of dark counts, the dark count rate and the dark count temporal distribution should be measured. The dark count rate can be easily measured by blocking the input signal photons. We perform the temporal correlation measurements of the dark counts at different orders (2nd to 4th), and observe () 1 n g  , without any bunching at the origin; thus, the dark count statistics, at least approximately, follow a Poissonian distribution.
As discussed in section 2, the dark counts of this frequency up-conversion set-up are mainly caused by the noise photons during this frequency conversion process. These noise photons are widely believed to be caused by the SRS of the strong pump [15-20]. Technically, these noise photons caused by SRS should follow the thermal distribution, or the Bose-Einstein distribution (BED) [31-33]. However, because of their broad spectrum, we expect the coherence time of these SRS photons to be much shorter than the temporal resolution determined by our detectors (Si-APDs) in the experiments. As a result, we are not able to observe any bunching in the temporal correlation of dark counts. Therefore, the dark counts appear to follow a Poissonian distribution for the time scale in this experiment, and we
Fn  is the probability of n signal counts in one time slot, given the BED with mean count number signal  in the same time slot. From the above discussion, we can treat the dark counts in this experiment as a Poissonian distribution, which is described as follows We can experimentally confirm this calculation by measuring second-, third-and fourthorder temporal correlations for our pseudo-thermal source for a range of SDRs. During the experiment, the pump power of the up-conversion device is kept at the point where the conversion efficiency is highest, so the dark count rate is fixed. The signal count rate can be adjusted by attenuating photon intensity through a VOA. The SDR is then decreased from 250 to 0.5 in 5dB steps. Figure 5 shows the zero-delay temporal correlations (2) 
(0,0) g and (4) (0, 0, 0) g for both calculated and experimental data, which are in good agreement. When the signal count rate is significantly larger than dark count rate, the peak values of correlations are close to the theoretical values, n!, for a thermal source; when the signal count rate is reduced and becomes comparable to the dark count rate, the peak values are reduced and approach the expected values for a Poissonian photons. This further demonstrates that dark counts can be treated as a Poissonian distribution in such measurement analysis. From Fig. 5 , one can see when the SDR is larger than 100, or 20 dB, the influence of the dark counts on the temporal correlation measurement is negligible. When the signal count rate is lower, a dark count influence becomes obvious. Because the dark counts can be treated as the Poissonian distribution and the SDR can be obtained by directly measuring the signal count rate and dark count rate, the dark count influence on the temporal correlation measurement results can be estimated [34]. (2) (0), g (3) (0,0) and g (4) (0,0,0) values as function of the ratio between signal count rate to dark count rate.
Conclusion
We demonstrate an approach to measure second-, third-and fourth-order temporal correlations of photons in the NIR region using an up-conversion device. In the experiment, a coherent source and a pseudo-thermal source near 1310 nm are used. We up-convert the NIR photons to the visible region at 710 nm and then perform the temporal correlation measurements using Si-APDs. The experimental results reveal that the temporal correlations of the up-converted photons at 710 nm agree very well with theoretical predictions. In other words, the photon statistics are well preserved in the frequency up-conversion process. In such a measurement, dark counts become an issue when the signal is weak. We further studied the noise from the up-conversion process and its influence on the temporal correlation values. Although the noise photons generated by SRS technically should follow the BED, with their coherence time far too short for our detectors to resolve the thermal bunching, we can treat the dark counts as a Poissonian distribution in our noise analysis for this measurement. We calculated and measured the values of (2) (0) g , (3) (0, 0) g and (4) (0, 0, 0) g at different SDR levels for a thermal photon source. The measured and calculated results are in good agreement, which provides a way to estimate the dark count influence on the measurement results. In this frequency up-conversion experimental set-up, all components are commercially available and the total single photon detection efficiency is as high as 26%. Therefore, we can conclude that photon statistics are preserved in frequency up-conversion process and this approach is an efficient way to study the temporal correlations of NIR photons. commercial product or trade name does not imply endorsement or recommendation by the National Institute of Standards and Technology.
